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ABSTRACT

In order to facilitate further studiles of watan in the inlerstellan mediuny, the envelopes of late type stars,
jets, and shocked regions, the frequencies of 17 newly measnrad Hy %0 fransitions borwoor 0.841 and 1.575
TH7 are reported. Al complete update of the available water line freqnencies and a detailed ealrulatinn
of unmeasured rotational transitions and transition intensities as a function of temparaxﬁwrc are presented
fon the ground and 15 = 1 state levels below 3000 om_l of excitation energy, Tho new THz transitions
warn measured with a recently developed laser difference frequency spectrometer. Six of these transitions
arise from the vy — 1 state and thle other eleven are in the ground state; all have Jower state energies
feam 700 to 1750 em™! and should be accessible to SOFTAl through the atmosphere. The transitions near
(L850 TTlz are accessible from the ground with existing receivers. Observations of the newly measured
pa = 1 statc twansitions, which inelude the 1, ¢ ~ 0p ¢ fundamental at 1.2057 THz and five ather very low
J transitions, should pravide valuable insights into role played by the 15 = 1 state in the cooling dymamics
ol jots, shocks, masers, and strongly infrared pumped regions. The line list is presented to assist in the
planning of obsenvationat campaigns with FIRST and other proposed space missions where a full suite of

water obsorvarions can be canniad out.
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L. [N"l“R'(]DU:CTION!

Almong the miriad compounds now deteated in the incersrellar muediuny, water rerains a special
significance. From the atmospheres of late type stars or brown dwarfs Lo dense molooular elouds and thie
young stars they give birth to, water plays a critioal role in tho ohemical and physical evolution of galaxies
such as our own. Its strong dipole moment allows water vapor to contribute substantially to the cooling
of interstellar gas over an extraordinary span of densities and temperatures, while its hydrogen honding
capabilities give it “universal solvent” properties, and allow il to exist im a lquid or solid state over a wide
range of physical conditiions. As suchl, water ice iIs the dominant component. of volatile grain mantles in dense
mslecular clouds and planetesimals the outer regions of the solar system, while the life as we know it would
be restricted to the so-called habitable zones around stars in which terrestnial planets can maintain liquid
warer nn their surfaces over geological timescales (Kasting, Whitmire & Reynolds 1993).

Obsorvation of extratervestrial watler vapor has always posed a majon experimental challenge, however,
duo to its presencs in the earth’s atmosphere. Indeed, water vapor provides the major source of atmospheric
opacicy ﬁtu,;:nn the millimcter-wave to far-infrared spectral region, and the need for low concentrations of
atmosphoric water is the primary sclection criteria for the Atacama Iarge Millimeter Array (ALMAY and
Soutl Pole submillinvetor sites (Radford & Holdaway 1998; Matsuo, Sakamoto & Matushima 1998). Despite
vhie low prooipicable water columns at these sites, there are still large regions of completely inaccessible
[requencios due do atmogpherio absonption. For observations from the Stratospheric Obiservatory For Infrared
Astronomy (SOFIA), the problem is less severe due to the increased altitude; however, direct studies of the
strongost transitions are still proainded by the atmosphere. This problem is particulanly acute for the low
lying ground state transitions now known to dominate the interstellan spectrum.

In spite of tho obsorvational difficulties, a number of water transitions, both from the parent isotopomer
and [rony isotepically substitited species such ag o0 and HDO, have been observed from the ground
and the Kuiper Airborne Obsorvatory (KAQ). Moro recently, a large number of watler transitions have been
obsorved both in omission and absonption by the spectrosoapic instruments onboard the Infrared Space
Obsarvatory (IS0) (c.g. Noulold ot al. 1996 and Liu et al. 1996). Two small observatories, NASA's

Submillimarar Wave Astronomy Sacellite (SWAS) and the Swedish Space Corponation’s ODIN, are beginning



service with the primary mission goal being obsamations ol thle 557 GIlz water lundamental (Melnick 1993,
Melnick et al. 1996). On longer timescales, the Far-InfraRed Space Telescope (FIRST) mission offors che
potential for detailed studies of large numbers of water lines, including the majority ol chivse prosonted hioro,
free of the usual atmosphleria restrictions.

The prevalence of water in the atmosphere and the extensive studies undertaken to examine its ellect on
thie transmission of electromagnetic communication signals notwithstanding, prediction of water. transitions
with tho kind of acenracy required for heterodyne ohservations remains an elusive goal. Al number of authiors
hava attempted a wide variety of analysis techniques with limited success. Unfbrtunately, none of these
misthods have enabled the prediction of previcusly unobserved transitions to microwave precision. Tnfrared
transitions can now be accurately predicted to very high .J and K, values, however, and there is considerable
hiope thal' additional high resolution data, especially in the vy = 1 state, will facilitate the same for the
submillinveler-wave transitions. The current state-of-thie-art in the calculation of water frequencies is to use
a porontial energy surface based on ab initio calculations (Partridge & Schwenke 1997). Several different
micthivds of generating ab initia line lists have been developed (Viti, Tennyson & Polyansky 1997), and they
kiave provon useful in assignment of the sunspot spectrum (Tennyson & Polyansky 1998, Polyansky et al.
1997, Polyanskw el al. 1997b). Under favarable conditiions, the ab initio accuracy appears to be better than
0.01 ey~ !. This translates ta errors of several hundred MHz in the pure rotational line frequencies, which is
inqullieient, [or hotorodyne astnonomy requirements. As a result, it is still necessary to utilize fits ta observed
data [or an accurare determinarion of the water vapor pure rotational spectrum.

Two distinon norhnds fon fitting exporimental water spectra have been proposed and demonstrated in
tho litorature: 1) eflcctive approachies to the rotational Hamiltonian, snch as Pade series (Burenin et al.
1983, Duronin & Tyuterav 1984), Boral approximates (Polyanskly 1985, Belov et al. 1987), and generating
[unavions (Tyutorev 1992, Starikov, Tashkun, & Tyuterev 1992; Mikhailenko et al. 1997); and 2) a potential
[unetinm thiac describes one or mane vibratinnal degrees of freedom (usually the bend) is combined with an
ellective ITamilfonian thlat addresses the remaining dogrees of freedom (Jensen 1989; Coudert 1992, 1994,
1997]. The best rosulta will mosr likely emerga fram the application of the second method using a version of

the Partridge & Sehiwonke (1997) potential surface, empirically maodified ta reprodice thie highest observed



levels (e.g. Csaszar et al. 1998), and an effecrive Ilamiltonian fic o thio experimental data co soouro tho
extra precision needed. Unfortunately, aalculations of this type have not yor managed vo achieve the accuracy
needed for predictions of unobserved transitions with heterodyne resolution (Coudort 1997). Somue of thie
disparity is due to the relatively small number of very high resolution measurements, especially in tha vs =1
state. Over the last few years a numben of high resalution far-infrared and infrared studias have been camied
out, greatly improving the quality of the available water line data. In this paper we have re-analyzed the
ground and v, — 1 state water spectra with a non-power series effective Hamiltonian. This approach has
reproduced the data to within a faotor of two of the experimental precisions and pointed out a number of
potential problems with the existing data set.

The other difficult problem in water spectroscopy is the accurate prediction of relative and absolute
ling intensities. The cnrrent wisdém is to use a power series expansion of the dipole moment tensor
{Subm & Watts 1991; Shostak, Ebenstein, & Muenter 1991; Shostak & Muenter 1991; Kjaergaard et al.
1994: Kjacrgaard & Honry 1994; Mengel & Jensen 1995; Coudertt 1997; Toth 1998). The dipole expansion
prosontoed in the lattar of these references is in good agreament with the observed data for J < 15. However,
ths dipole oxpansion has yet to be applied to highly excited levels, and is therefore likely to suffer from the
same probloms as the onergy level calculations. As a result, little is k_nowxn about how well these dipole
expansions will predict intensities at langer rotational quantum numbers. Calculation of the intensities of
thic low lying rotational transitions in the migrowave region should be good to better than 5% with the
two most rocont dipole expansions. The greatest deviations from the predicted intensities are expected in
thie hlighior J transitions with AK, > 3. Tn the intensity calenlations presented hlere, the measured dipole
momoent parameters of Shostak, Ebensteirn, & Muenter. (1991) and Shostlak & Muenter (1991) have bleen used
along with' the plamarity eonditions as described by Watson (1971) in a computational method developed by
Clamy-Pevrer ot al. (1985).

The precision moeasurenencs of a numbean of additional Hy'®O transitions are reported to facilitate their
astronomioal obsorvation and to suppont cfforts in developing better molecular models for the calculation of
thit onorgy lovals and transition intensities in water. The measurements reported in this paper are the first

to ba oarried sur withl a new speetrometer systom that uses optical-heterodyne conversion to generate THz



radiation. This spectrometer should facilitate thie preeision measurement ol a variety of spocios in the 0.3
to 3.0 THz region in support of FIRST and SOFTA. The transition list roported in Poarson ot al. (1991} is
also updated to inolude thie large number of high accuracy measurements made ovor tha last few years. The
caloulations presented represent thie state-of-the-art, and should be sufficient for all far-infrared astronsminal
abservations except those of the hottest and most highly shocked regions, and should prova useful in planning
the TH2 heterodyne receiver science programs for FIRST and SQOFIAL
2. EXPERIMENTAL

The experimental measurements were carried out with a three-diode-laser, difference-frequency
apactrometer, an outline of which is presented in Figure 1. Laser #1 is lacked, using a Pound-Drever-
IIall approack (Pound 1946, Drever et al. 1983), to a temperature stabilized ultra-low expansion (ULE)
Fhbry-Perot. atalon (whose thermal expansion coefficient is of order ~2 x 10710 /C). Laser #2 is Pound-
Direvor-ITall locked to the same etalon a lange integer numben of free spectral ranges away, and laser #3
is oflsot locked with a phase locked loop to laser #2. This phase locked offset frequency is controlled by
a tunable 2-6 GHz microwave synthesizer. Beating simultaneously amplified signals from lasers #41 and
#3 in a low-temperatnre-grown GaAs photomixer coupled to a planar submillimeter antenna (Verghese,
Malntosh & Brown 1997) generates the THz difference frequency. The free spectral range of the etalon was
calibrated to 5 parts in 10°% by measuring all CO pure rotational lines from 230 — 1611 GHz. A detailed
deseription ol chis laser systam and the salibration method can be found elsewhere (Matsuura et al. 1999).
The measurement acenracy is aurnently limited by the uncertainty in the free spectral range, a small drifting
DC residual in the loek loops, and the aceuracy of determining the center of the transition. The line width of
thio spoatromotor is 21 MHy (the THa fraquency stability is considerably better), enabling doppler-limited
resolurion to bo nbtained. As a result, the axpected measurement: acenracy is calculated to be of order 250
kllz [or a 1o measurement. The 4y — 333 ground state transition was ne-measured as a verification of
thiy spocteometor ealibracion. Our obscrved valuae of 916171.270 MHz agrees within the expected 250 kHz
exxparimantal ereor wichl bothl ehle 916171.582(150) hammanio generation value reported by Helminger et al.
(1983) and the 916171.405(13) laser sideband value reported by Matsushima et al. (1995).

Initial predictions wore made [ronr energy levels oalculated by Toth (1998) and from previous uncalibrated



backward wave oscillator measurements (Belov: 1996). The water sample was reagent grade and required
no further processing. Measurcments were made in a gingle pass 1.8 merer long coll undor oontinuous flow
conditions at pressures of approximately] 100 mTorr. A 1.8 Kelvin compuosite-silicon bolomotor was wacd to
datectt the tunable THz radiation. The source was chopped at 100 Hz and 200 TTz lookkin dieteetion was
nsced to record the line profiles. Forward and backwand soans were averaged ta eliminata the fock-in time
constant drift, while the line centers were detenmined by either fitting a parabola to the peak of the obsarved
transition op by taking the midpoint between the half-intensity frequencies. Signal-to-noige ratios for the
observed lines ranged from 10 to > 8500. Several measurements of each line were made for consistenoy.

All thie measured transitions fell within the quoted experimental errors of Toth (1998). The agrcement
with the uncalibrated measurements of Belov (1996) is better than one MHz in all cases, suggesting that
thio provious data are accurate to at least this level. Table 1 presents the nesults of this study along with
thie expected positions fram Toth (1998) and the uncalibrated measurements of Belov (1996). Clearly, all
the reporcod (ransitions agree extremely, well with the energy levels of Toth (1998). This was expected since
& series of combination difference calculations with our measurements and the transitions of Matsushima et
al. (1995) used in the Touth (1998) compilation closed to within experimental accuracy. Table 2 is a set of
measurements [rom Peanson (1995) compared to the energy levels fram Toth (1998) for the vy = 1 state
and from Toth (1999a) for the n = 2 or (020), »; = 1 on (100) and v3 = 1 or {001) states. Once again, all
thio moasurements — with thie exception of the 14 MHz deviation of the (020) 45 5 — 33,1 transition — agree
to wirhin tho oxperimental uncertainty, The reason for the lange deviation of the 452 ~ 33,1 transition is
unelear and a eause e some condern. The 17 transitions measured as a part of this work, the two reported
feom Bolov (1996), and the nine from Pearson (1995) have not appeared in the widely published literature.
Table 3 presents a et ol all the reponted microwave accuracy measurements for Hp'6Q below 4 THz, and
also ineludos thle ohsorved minus aalculated frequency differences and the lower state energy of the fit. The
lowor state energy [com Torh (1998) is given as well.

3. ANALYSIS
Tho oxporimontal dara used in the analysis included the following:

1) The microwave transitiong roported in Takle 3. The measurements from Matsushima et al. (1995) were
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assumed to have an experimental accuracy, of 150k1T2. This was derived [rom a series of arichmetie ealeulation
of residuals around closed loops of four transitions and is vonsistont with 5% ol the FWIIM ol a water line
profile at these frequencies.

2) The term values from Toth (1998) and Polyansky et al. (1997b) throughl .7 = 19 and IR in thiy ground
and 5 — 1 states, respectively.

3) Infrared rotational transitions, including measurements unique to Kauppinen et al. (1978), Johns (1985),
Paso and Horneman (1995) and Toth (1999b).

4] Inframed v5 band transitions from Toth (1999b).

In the event of repeated measurements, the value used in the fit was the microwave frequency or the
most recent infrared measurement. Thea model used was a non-power series effective Hamiltonian related
t botht thle Pada Series and the generating functions discussed in the Introduction. The details of the
oalculation and thia model will be presented in an apprapriate forum elsewhere. The rediiced RMS of the
fic [roduond RMS = ahisolute RIMS (MHz)/experimental error (MHz)] was 1.98 if all the data were forced
into tho fic and 1.61 if the fit was allowed to reject 13 out of 3992 lines and energy levels. Reduced RMS
values ol 1.78 and 1.41 were achieved with a slightly reduced data set, with the same exact same 13 lines
baing rejorted in the rednced analysis. Tt is interesting to note that the majority of the rejected transitions
(a toral of oight) involved rhe 15610 level of the vy = 1 state and that the deviations were all of the same
dircetion and magnitude to mnch better than the exparimental accuracy, suggesting either a fitting artifact
or a looal perturbation. Due to the fomn of these deviations the results presented here are from a fit where
all thie cransitions wore forced into the calculation. Thie intensity calonlations used a Watson A-likle constant
sot and a fixed S-like ds constant determinad from: the plananity conditions. The fixed da constant can be
removed, Howoever, and quality of the fit is largely unchanged. Higher order contributions to the dipole were
caleulated using vhe procodure presentod by Camyy-Peyret et al. (1985). The intensities generated by these
ealeulations wora oompared to thiose of Tath (1998) at 296 K and were found to be in reasonable agreement
[or all transition ohanging K, by I or 3. Since the dipole expansion used does not include the planarity
conditions [or the P® and higher order terms, the transitions changing K, by more than three will not be

eorraot and large deviations do exist between tha measured intensities and the calenlated values. It should



be noted that there are nona of thase transition in thio data presented.

Table 4 presents a listing of all of the water rotational transitions bolow 4 TIlz and 3000 em~' of fotal
energy. It includes the calculated frequency, thic calculatad uncertainly in the line position, the ®Sp.u”
values, the lower and upper state energies state energies, and the factors e~ RYINT _ o= E' /K T1 at 50, 200, 800
and 1500 K. The error in the calculation frequency assumes that the reduced RMS of the fit is one, since
it. is nearly 2 the error quoted is approximately 0.5¢. The partition function determined as a funotion of
temperaturc by a snm over all states up to .J=23 is listed in Table 5. Tt does not inoclude contributions for
bighter J states or the next higher set of vibrational levels. At temperatures above 500 K there will begin to
be a significant contribution by these levels, by 1500 K they must be included if accurate values arc to be
determined. To first order the pantition function can be corrected by separating the vibrational part of the
partitinn lunatian and calculating a correction factor. A first order correction for the next 3 vibrational states
(020), (100), (001) (030), (110) and (011), which all have a number of levels below the rotational energy
oonsidored in the rotational parti of the calculation, is also given on Table 5. Multiplication of the rotational
parcition lunction given by the correction factor willl give a better estimate of thie true partition function at
high' temperatures, hut it will not take care of contributions from higher notational étates. A full caloulation
including thie v4 band will be placed in the JPL spectral line catalog at http://spec.jpl.nasa.gov. A
graphical summary of the local thermodynamic equilibrium, or LTE, line intensities at various temperatures
for a ixed enlumn density is presented in Figure 2. By 1500 K the majority of the lines are within a factor
of a fow in intensiry and the strongest lines are from states that are relatively weak at room temperature
and almest unpopulaced al typical densa moleoular claud temperatures. It should also be noted that there
is a two ordor of magnitude reduction in tho intensity of the strangest line.

The LTE line intensities and othen paramcters can be calculated from the data given on Table 4 and

Table b using the [ollowing equalions:

Li(T) = (873 [30e)ha® Shap2le~E /KT — e P HTY Q. )
Ti(T) = T T0)[Q@ralT0) / Qe (TN e~ E"/*T — o= B /KT [ (=B MTo _ o=E'/kToy) ()
Tool TY = Lyy(Ta) (To /T 26~ /T W/ TO)E" [k (3)


http:k/sp(ec.jpl.nasa.gov

In equation: (1), vy is the Hne frequeney, 8y, s tho line strongeh inaluding tho degeneracy actors, p is cho
dipole mament along the b axis, E” and E’ are thic lower and uppor state encrgies, respectively, and Qn, is
thie rotation-spin partition function.

The line frequency and LTE intensity, data alone are, of course, insuffiaiont. to explain the exeitation of

Y uy =1 state of water — for which a combinalion

water in the interstellar medium — especially the 1594 em™
of collisions and radiative processes must be considered. Indeed, the 1,9 — 1g; 12 = 1 fundamental at
638 GHz is known to mase strongly in a number of regions (Menten & Young 1995), and a number of
other low lying v» = 1 transitions, such as the 1y 7 — Oqp line reported here, should be bright masers
thraugh the same pumping mechanism. Hven in thle ground state, a more realistic assessment of the source
structune lnads o water transitions appearing both in emission and absorption (Zmuidzinas 1996). A detailed
undarstanding of how water is excited, including maser action, requires knowledge of both the radiation and
density environment along withl the strengths of the 14 band transitions. The line strengths for the v5 band
have been measurad in some detail for the atmospheric community and can be found in Toth (1998). The
Toth (1998) lina strengths are given in om™? Jatm at 296 K can be converted to the nm?MHz units used in
the JPL caralog by mmltiplying by a factor of 247938.0 {Avagadro’s number divided by a mole volume in
om® ar 206 K x 107'%). Tha factor of 10~ converts the nm?MHz JPL oatalog unit into em?MHz units,
whileh are ofton more natural for caleulations. Division by a factor of 2.99792458 x 10'® converts thie catalog
undts into tho sommonly) givem infraned units of em ™7 /(molecile/cm?)
CONCLUSIONS

Reeenrly, ISO has nbserved a lange number of watier emission lines in a wide variety of astronomical
sourcos. As a result, the pivalal raks water plays in cooling oxygen rich molecular gas is now well established.
Il tho high reamparacuees inferred from QO obsenvations of many: of these regions are proven to apply to
water ag well, the number of states congidered in tha current models are grossly inadequate, and most of
they dotafly of the exaitation dymamics have been blended by a near continunm of water emission lines. At
such high temperacures, very highl spectral resolution #s required to deconvolute the trie continuum from
the water lines. Iloterodyne observation of lines such as those presented in this paper would facilitate

direet obsorvationg ol ot ssurocos and measurements of the votational temperatures therein. An accurate
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temperature measurcment will define thie severity ol the predietion probleny for water. I the temperature
really is muoh above 300 K, future missions suohi ags FIRST and SOFIA will obsorve many strong water lines,
including a large number above the energies considared heana. Amalyses of thiese obsorvations will roquire
extended caloulations that include a good many more quantum states than those considered hore, especially
levels in the 19 = 2, 1 = 1 and v3 = 1 states, and a great deal more laboratory work. Ay a minimum, the
data presented here should be sufficient for planning ohservations of all but the most highly shocked an

hiottast regions.
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Table 1. Water Transitions Measured with the THz Photomixer Spectrometer

Transition Observed Frequency Tothl (1998) Below (1996)

(MHz)

(MHz)

(MH?z)

J.'O:_',a — llgzg (000)
10g 3 — 99’0 (000)
Oog — 83,5 (000)
72.5 el 8.1’8 (OOO)

841051.162(250)

906206.118(250)
1146621.161(250)

841050.35(1.50)
863842.67(2.70)
906205.78(0.39)
1146621.04(0.39)

854 — Ta (000) 1168358.526(250) 1168358.57(0.48)
714 = 651 (000) 1172525.835(250)  1172525.90(0.48)
853 —¥ Te (000 1190828.878(250) 1190828.80(0.48)

964 — 871 (000)
963 — 87 (000)
845 —» D g GOUO)
Tia — 87 (000):
613 = Trs (000)

1215801.676(250)
1219943.736(250)
11307963.124(250)
1344676.488(250)
1574232.073(250)

859965.649(250)

1219943.68(0.90)
1307963.17(0.48)
1344676.29(0.48)
1574232.14(0.39)

859966.36(0.90)

(

(

(
1215801.87(0.84)

(

(

841050.56(1.00)
863838.93(1.00)

20 — Ly (0F0) 899302.171(250)  899301.23(1.80) 899301.92(1.00)
31s =¥ 2 (010) 002609.436(250)  902610.64(2.70) 902609.31(1.00)
625 — 532 (010) 923113.74(1.80) 9231%3.19(1.00)
Ery — Ogg (010) 1205788.640(250]  1205788.95(2.70)
312 — 303 (010) 1214662.064(250)  1214663.11(2.40)

1494057.154(250)

1494057.39(0.60)




Tahle 2. Additional Water THz Measurements from Pearson (1995)

Transition

Obiserved Frequency

(MHz)

Toth (1998)
(MHz)

8g1 — 972 (010)
8ag — 97,3 (01:01
4122 — 33‘1. (020]
6'33 ey 5:4.’2 (020)
:}y‘g — 22_‘0 (020)
613 — 55,0 (1100]
533 = 40 (100)
3'1-‘3 — 22‘0 (00]:)

(001)

129811.529(100)
129889.509(100)
137048.521(100)
147521.501(100)
516229.985(150)
376549.519(150)
464345.834(150)
254039.880(150)
430012.786(150)

129812.23(2.70)
1129889.28(3.00)
137062.41(2.70)
147521.57(2.40)
516230.02(3.00)
376549.52(1.80)
464345.84(3.60)
254039.33(1.50)
430012.11(1.80)




Table 3. The Microwave and THz Dala Scl. Used in the Whater Spectrumn Til

T'RUK"V" — K KW

Frequenay (MHa)

O-Q (MHz)

Une.(kHz] Riof.

42215151
42313301
6160—-5230
8321 —=4411
41413211
4401—-5331
2201 —-3131
881129721
§801—-9731
14690153120
156100— 163130
3130—=2200
5511 —-6421
5501 26431
144100—> 153130
12680 —=143110
771158621
77001 =863 1
66117521
66017531
100290 —=29360
143121 = 1349 L
51504220
5231 56561
166 L0 — 173140
174130 167100
4140—=3210
37012100
541 —=-7611
7530—=6600
964128711
64305500
§531 27621
9631 —=8721
752026610
42303300
422 =33L1
6420—->551L0
53304400
624027170

2159.980
12008.800
22235.080
26834.270
67803.960
96261.160

119995.940
129811.529
129889.509
139614.293
177317.068
183310.117
209%18.370
232686.700
247440.096
259951.444
262897.748
263451.357
293664.442
297439.107
321225.640
323554.019
325152.919
336227.620
339043.996
354808.877.
380197.372
390134.508
425689.190
437346.667
438724.178
439150.812
440736.910
441238.866
443018.295
448001.075
463170.460
470888.947
474689. 127
488491.133

-0.0569
0.002
-0.037
0.029
-0.030
0.309
-0.195
0.157
-0.010
1.320
-0.947
0.087
-0.012
0.145
-0.051
-1.169
0.120
-0.169
0.044
-0.307
-0.016
0.293
-0.016
-0.311
0.320
0.051
0.006
-0.133
-0.101
0.016
1.149
-0.059
-0.796
-0.406
-0.017
-0.059
-0.243
-0.056
-0.130
0.061

300
30
20
30
40

100

100

150

150

150

150
50

150

150

150

150

150

150

150

150
50

150
50

150

150

150
50
50

150
50

150
a0

150

150
50
50

250
50
50

e i e O g e e e e i i v e B v = e " = St



Tahle 3—Cantinued

J'KIKIV - KKV Frequency (MHz]  O-C (MHz) Unco.(kHz] Ribof.
744156511 498502.590 0.241 150 A
8630—-7700 503568.532 -0.305 100 A
86207710 504482.692 -0.307 100 A

14312013490 530342.834 0.083 150 A
5241 —4311 546690.600 -0.098 150 A
10741—-9811 548474.403 -0.524 150 A
1100—1010 556936.002 0.014 50 A
12670— 133100 571913.392 -0.729 150 A
7431 —-6521 578057.486 0.206 150 A
9281 58351 593708.497 -0.192 150 A
634155411 595079.800 -0.158 150 A
532054410 620700.807 -0.308 100 A
97308800 645766.010 -0.044 100 A
9720—-8810 645905.620 0.056 100 A
L1E01 1011 658006.550 0.075 100 A
21102020 752033.227 0.095 100 A
0560—11290 841051.162 0.689 250 C
211152021 859965.649 0.228 250 C
10830—-9900 863838.930 1.908 1000 D
202T 1117 899302.171 0.188 250 C
312152211 902609.436 0.078 250 C
92808350 906206.118 0.179 250 C
42203310 916171.582 0.073 100 A
6251 —+5321 923113.190 -0.374 1000 D
52404310 970315.022 -0.075 100 A
312053030 1097364.791 -0.114 150 E
I110—-0000 1113342.964 0.047 150 E
725038180 1146621.161 -0.161 250 C
31202210 1153126.822 0.146 150 E
634025410 1158323.743 -0.149 150 E
321053120 11629%1.593 -0.107 150 E
854027610 1168358.526 0.009 250 C
744056510 1172525.835 -0.024 250 C
§530—=7620 1190828.878 -0.014 250 C
FFIT —-000L 1205788.640 -0.663 250 C
422024130 1207638.714 0.002 150 E
3121303t 1214662.064 0.295 250 C
9640—8710 1215801.676 -0.060 250 C
96308720 1219943.736 -0.638 250 C
22002110 [228788.772 -0.068 150 E



Tahle 3—Continuod

J'KIK!V" — J'KIK.\V'  Frequency (MHz] O-C (MHz] Uno.(kHz) Rof.
743026520 1278265.946 0.023 150 E
82707340 1296411.033 -0.016 E50 E
84509180 1307963.124 -0.163 250 C
6250—=5320 1322064.803 0.020 150 E
744058170 1344676.488 0.312 250 C
5230—5140 1410618.074 0.087 150 E
1260—-6330 1440781.544 -0.121 150 E
2901 —>2111 1494057.154 -0.332 250 C
6330—-5420 1541966.785 -0.265 150 E
64307160 1574232.073 0.006 250 C
41304040 1602219.182 -0.160 150 E
221052120 1661007.637. -0.125 150 1)
21201010 1669904.775 0.023 150 E
43205050 1713882.973 0.021 150 B
303029120 1716769.633 0.100 150 E
633056240 1762042.791 0.132 150 E
7350—6420 1766198.748 0.005 150 E
624056150 1794788.953 0.030 150 B
734057250 1797158.762 0.029 150 B
53205230 1867748.594 0.127 150 B
845057520 1884887.822 -0.091 150 E
523054320 1918485.324 -0.117 150 E
322053130 1919359.531 0.011 150 E
83508260 2015982.828 -0.019 150 E
431054220 2040476.810 0.051 150 E
41303220 A74432.305 -0.076 150 E
313052020 2164131.980 -0.021 150 E
33003210 2196345.756 -0.034 150 E
514055050 2291750.500 0.094 150 E
836057430 2244810.924 -0.130 150 E
423024140 2264149.650 0.092 150 E
94509360 2317882.160 0.056 150 E
725027160 2344250.335 -0.027 150 B

10460—= 10370 2347482.172 0.133 150 E
331053220 2365849.659 0.074 150 E
40403130 2391572.628 0.068 150 E
93609270 2428247 209 -0.115 150 E
844058350 2446843.215 -0.122 150 E
432054230 2462933.032 0.045 150 B
93708440 2531917.81% 0.097 150 E



Tahle 3—Conlimuod

J'KIKIVY — JJK KV Frequency (MHz)  O-C (MHz] Unco.(kHz] Riof.

734056430 2567177.132 0.104 150 E
11470—-11380 2571762.630 0.113 150 E
103809450 2575004.634 0.216 150 E
5330—5240 2630959.520 0.146 150 E
414053030 2640473.836 -0.135 150 E
743057340 2664570.704 -0.080 150 E
52405150 2685638.969 0.048 150 E
2210—-1100 2773976.588 0.062 150 )
12570 —-12480 2848996.260 0.468 150 E
6340—-6250 2880025.369 0.075 150 E
61506060 2884278.940 0.055 150 E
6420—-6330 2884941.062 0.012 150 E
6240—-5330 2962111.094 -0.098 150 E
220021110 2068748.654 0.134 150 E
51404230 2970800.244 -0.196 150 E
1560 — 11470 2997539.160 0.364 150 E
§260—-8170 2098565.722 0.106 150 E
1037010280 3003347.566 -0.031 150 B
5050—-4140 3013199.566 -0.027 150 E
5410—-5320 3043766.149 -0.036 150 D
104709540 3118998.512 -().730 150 E
44004310 3126585.070 -0.144 150 E
5150254040 3135010.951 -0.038 150 E
945038540 3149876.898 -0.069 150 E
4410—=4320 3165532.734 -0.059 150 E
625026160 3167578.237 0.103 150 E
542025330 3182186.848 0.047 150 E
735027260 3210358.196 0.078 150 E
64306340 3230146.525 0.107 150 E
1W0s550—>10460 3245323.573 0.269 150 E
1570— 10640 3307402.532 -0.528 150 E
744057350 3329185.239 0.037 150 E
3220—=2¢tL0 33311568.376 -0.014 150 E
845038360 3495358.110 -0.095 150 E
954029450 3509431.278 --0.005 150 E
7160 —=7070 3536666.807 0.096 150 E
606051500 3589641.708 0.029 150 E
36028270 3612970.623 -0.165 150 E
6160—>5050 3654603.282 -0.228 150 E
3507440 J669872.251 -0.036 150 E



Table 3—Conlinuad

4689524.212

J'KIK!'V! — JK!K!V! Frequency (MHz]  O-C (MHz} Unc.(kHz] Ribof.
11380 —=111290 3674226.995 -0.175 150 E
9270—-9180 3682708.105 0.016 150 E
72607170 3691315.309 -0.088 150 E
11560—>10650 3718095.940 0.223 150 E
8H30—->8440 3721502.796 0.058 150 E
9460—-9370 3737021.532 0.030 150 E
61505240 3798281.638 -0.005 150 E
423053120 3807258.412 -0.213 150 HE
75207430 3855281.595 0.250 150 B
65106420 39228568.136 0.050 150 B
§540 8450 3970997.405 0.173 150 E
3' 2102120 3977046.481 0.343 150 E
250 —+6340 4000164.750 0.037 150 E
550—9460 4020094.138 -0.019 150 B
LO 4' 0—-10380 4053426.066 -0.042 150 E
9370—-9280 4072555.267 0.126 150 E
Ws60—=>10470 4118633.703 -0.212 150 E
1708080 4161918.741 0.011 150 E
7070—->6160 4166851.176 0.109 150 E
717026060 4190576.643 -0.093 150 E
5240—-4130 4218430.618 0.050 150 E
§270—>8180 4240191.823 0.718 150 E
1157011480 4279695.925 0.241 150 E
1028010590 4345505.100 0.161 150 E
65011560 4348518.162 -0.500 150 E
12390122100 4366791.768 -0.313 150 E
IL480—-1139¢0 4435759.411 0.550 150 E
3300—=3030 4456621.984 -0.411 150 E
I310—-2200 4468569.050 -0.084 150 E
33002210 45312384.1:21 -0.045 150 E
064010550 4519563.921 -0.217 150 E
71606250 4535939.553 -0.092 150 E
1038010290 4571661.011 0.146 150 B
6250—5140 4600431.452 0.214 150 E
963059540 4619371.406 -0.203 150 E
86208530 4668678.294 -0.098 150 E
1Wes50 10560 4684382.106 -0.187 150 E
9640 —>9550 4684697.855 0.145 150 E
76107520 4687526.543 -0.086 150 E
6600—=>6510 -0.1563 150 E



Table 3—Caontinued

J"KIKIV — J'KLKLV'  Frequency (MHz) O-C (MHz) Unc.(kHz) Ref.
86308540 4690093.784 -0.050 150 E
66106520 4690528.924 -0.033 150 B
76207530 4693044.499 0.156 150 E
80807170 4724263.773 -0.037 150 E
81807070 4734296.171 0.420 150 E
9180—=9090 4764038.870 -0.186 150 E
9280—-9190 4801938.995 0.088 150 E
93608450 4802992.161 0.065 150 E
431040440 4850334.680 -0.133 150 E

24905123100 4869963.371 -0.183 150 E

APoarson ol al. 1991
BPearson 1995
OUThis Work

DBelov 1996

Evfalsushima ol al. 1995



Table 4. Predicted THz Walcr Transilions and Inlonsilics

Transition Vas(MHz)  Unc. Fylem™) 29 I(50 Ky T(200Kj  T(800 K}  T(L500 K)
422515010  2160.039 0.06T 1922.8290 0.3861 2.374(-33) 5.093(-10) 4.080(-06) 1.093(-05)
9361029010  7257.123 0.154 2904.4283  1.3478 3.683(-48) 1.466(-12) 2.345(-06) 1.432(-05)
423330010 12008.798 0.029 1907.6157 1.3443 2.267(-32) 3.155(-09) 2.330(-05) 6.164(-05)
616523000 22235.117 0.010 446.5107 0.5975 2.787(-09) 2.143(-01) 5.971(-04) 4.634(-04)
532441010 26834.241 0.028 2129.5992  1.2204 1.711(-35) 1.425(-09) 3.4092(-05) L.113(-04)
414321010 67803.990 0.036 1819.3351  1.4393 2.965(-30) 3.340(-08) 1.540(-04) 3.784(-04)
Mo 33010 96260.851 0.055 2126.4077 0.3994 6.605(-35) 5.188(-09) 1.257(-04) 4.000(-04)
220313010 119996.136 0.059 1739.4837 0.3630 8.993(-29) 1.043(-07) 3.141(-04) T7.224(-04)
TE3220000 183310.030 0.013  136.1639 0.3501 1.473(-03) 1.616(-02) 8.561(-03) 5.132(-03)
551642010 209118.382 0.068 2399.1654 0.3508 7.369(-39) 1.563(-09) 1.667(-04) 6.67mM(-04)
550643010 232686.556 0.072 2398.3815 1.0503 8.321(-39) 1.744(-09) 1.856(-04) 7.433(-04)
14 4 10 153 13 000 247440.147 0.130 2872.5805 0.4090 3.432(-46) 6.109(-11) 8.407(-05) 5.014(-04)
136 & 143 11 000 259952.613 0.092 2739.4285  (.4405 4.304(-44) 1.670(-10) 1.122(-04) 5.984(-04)
661752010 293664.398 0.080 2724.1671  0.9482 8.259(-44) 2.097(-10) 1.301(-04) 6.856(-04)
660753050 297439.414 0.080 2724.0414 0.3160 8.385(-44) 2.125(-10) 1.318(-04) 6.945(-04)
1029936000 321225.656 0.025 1282.9191 0.9915 2.909(-21) 7.279(-06) 1.900(-03) 2.987(-03)
515422000 325152.935 0.01T 315.7795 0.3150 3.769(-06) 7.741(-03) 1.095(-02) 7.645(-03)
523616010 336227.931 0.093 2042.7533 0.7731 4.075(-33) 3.215(-08) 5.068(-04) 1.508(-03)
414321000 380197.366 0.011 212.1564 1.2760 1.777(-04) 1.895(-02) 1.540(-02) 9.865(-03)
1037 1210000 390134.641 0.041 1525.1360 0.2468 5.593(-25) 1.535(-06) 1.489(-03) 2.873(-03)
54761010 425680201 0.080 2905.4335 2.4896 1.639(-46) 8.124(-11) 1.356(-04) 8.335(-04)
753660000 437346.651 0.017 1045.0583  0.3325 1.930(-17) 5.411(-05) 3.953(-03) 5.100(-03)
643550000 439150.871 0.016 742.0763 1.1077 1.047(-12) 4.804(-04) 6.845(-03) 6.847(-03)
537620L0 440737706 0.081 2905.4306 0.8307 1.683(-46) 8.396(-11) 1.403(-04) 8.627(-04)
752661000 443018.312 0.016 1045.0579 0.9980 1.949(-17) 5.478(-05) 4.004(-03) 5.165(-03)
423330000 448001.134 0.014 285.4186 1.3850 1.446(-05) 1.308(-02) 1.587(-02) 1.082(-02)
4292331010 463170.703 0.082 1907.4514  0.5251 6.798(-31) 1.155(-07) 8.870(-04) 2.361(-03)
642551000 470889.003 0.016 742.0730 0.3704 1.103(-12) 5.132(-04) 7.333(-03) 7.339(-03)
533440000 474689.257 0.016  488.1342  0.4200 1.029(-08) 3.283(-03) 1.167(-02) 9.438(-03)
624717000 488491.072 0.012 586.4792 0.1275 3.056(-10) 1.627(-03) 1.006(-02) 8.836(-03)
744651010 498502.349 0.079 2552.8797 0.8950 5.934(-41) 1.192(-09) 2.987(-04) 1.367(-03)
§63770000 503568.837 0.039 1394.8142 0.9250 7.368(-23) 4.993(-06) 2.422(-03) 4.194(-03)
862771000 504482.999 0.039 1394.8141 0.3084 7.378(-23) 5.002(-06) 2.426(-03) 4.201(-03)
143121349000 530342.750 0.111 2533.7932  1.4612 1.233(-40) 1.449(-09) 3.286(-04) 1.481(-03)
524431010 546690.698 0.070 2005.9170 0.9307 2.221(-32) 6.647(-08) 8.749(-04) 2.532(-03)
110101000 556035.988 0.009  23.7944 15.3568 2.071(-01) 1.054(-01) 3.148(-02) 1.726(-02)
1267 133 10000 571914121 0.093 2414.7234  (0.9787 q422( 39) 3.662(-09) 4.384(-04) 1.789(-03)
743652010 578057.280 0.085 2552.8572 2.7059 6.599(-41) 1.369(-09) 3.456(-04) 1.583(-03)
9288350L0 593708.689 0.1E7 2670.7806  0.6418 9.665(-43) 6.009(-10) 2.870(-04) 1.452(-03)
634541080 595079.958 0.087 2251.8625 2.9024 3.390(-36) 1.226(-08) 6.110(-04) 2.175(-03)



Tahle 4—Continucd

Transition Vap(MH2)  Une.  Ey(om™)  p%S 1050 Kj  Tg200Kj  TI(800 K}  T(t500 K
532441000 620701.115 0.016 488.1077  1.2940 1.245(-08) 4.131(-03) ]J oJJQ( 02) 1.231(-02)
973880000 645766.054 0.063 1789.0428 0.2940 6.083(-29) 3.694(-07) 03) 3.676(-03)
72881000 645905.564 0.063 1789.0428 0.8821 6.084(-29) 3.695(-07) l 022 03) 3.677(-03)
FTOT01010 658006475 0.063 1618.5571 14.8354 2.836(-26) 1.281(-06) 2.106(-03) 4.411(-03)
211202000 752033.132 0010  70.0908 7.0636 477M(-02) 9.972(-02) 3.880(-02) 2.223(-02)

EE 5712210000 766793.580 0.103 1960.2074 0.3179 1.438(-31) 1.262(-07) 1.324(-03) 3.697(-03)
056 I 29000 841050.473 0.069 1690.6644 0.7964 2.467(-27) 9.544(-07) 2.352(-03) 5.246(-03)
2581321000 854050.433 0.152 2246.8848  1.0280 5.094(-36) 1.770(-08) 8.780(-04) 3.124(-03)
211202010 859965.421 0.0560 1664.9646 6.9909 6.299(-27) 1.171(-06) 2.517(-03) 5.496(-03)
1083990000 863837.022 0.209 2225.4692 0.8630 1.108(-35) 2.086(-08) 9.227(-04) 3.224(-03)
1082991000 863857.787 0.209 2225.4692 0.2877 1.108(-35) 2.086(-08) 9.227(-04) 3.225(-03)
202111010 899301.984 0.114 1634.9671 2.3946 1.900(-26) 1.513(-06) 2.775(-03) 5.911(-03)
624717010 902397.810 0.109 2181.0899 0.1679 5.602(-35) 2.985(-08) 1.043(-03) 3.513(-03)
312221010 902609.359 0.116 1742.3056 2.8115 4.008(-28) 7.014(-07) 2.296(-03) 5.352(-03)
928835000 906205.939 0.019 1050.1577 0.4767 2.608(-17) 1.023(-04). 8.004(-03) 1.044(-02)
422 3' 3000 916171509 0.014 285.2193 0.5678 2.336(-05) 2.536(-02) 3.202(-02) 2.197(-02)
625532050 923113.564 0.092 2130.4943 35914 3.501(-34) 4.384(-08) 1.168(-03) 3.771(-03)
633542000 96157453 Q097 22516953 L0271 4 483(-36) 1.839(-08) 9.420(-04) 3.368(-03)
§27734010 968017.499 0.115 2462.8752 2.7134 2.307(-39) 4.186(-09) 6.726(-04) 2.873(-03)
524431000 970315.097 0.013 383.8425 0.9219 6.938(-07) 1.313(-02) 2.835(-02 ) 2.115(-02)
202 FLLE000 987926.549 0.012  37.1371 2.5830 1.826(-01) 1.616(-01) 5.383(-02) 3.003(-02)
1359 14212000 L068679.120 0.241 2550.8825 0.3476 1.024(-40) 2.425(-09) 6.319(-04) 2.910(-03)
726633010 I077763.388 O0.111 2282.5896 1.1504 1.596(-36) 1.683(-08) 1.032(-03) 3.796(-03)
312303000 1097364.905 0.012 136.7617 22.2672 5.346(-03) 8.655(-02) 4.982(-02) 3.026(-02)
IT66 1239000 IIOLE30.602 0.086 2105.8679 0.2030 9.295(-34) 6.116(-08) 1.448(-03) 4.592(-03)
551028000 FLO9507.594 0.040 1437.9686 0.1875 2.532(-23) 7.518(-06) 4.850(-03) 8.781(-03)
ITI000000 ILE3342.917 0.008 0.0000 3.4126 7.371(-01) 2.345(-01) 6.461(-02) 3.499(-02)
5818000 II46621.322 0.015 744.1627 0.2674 1.772(-12) 1.138(-03) 1.743(-02) 1.764(-02)
31222L000 II53126.676 0.014 134.9016 3.1104 5.852(-03) 9.159(-02) 5.244(-02) 3.183(-02)
FES R L2 2 TE 000 LI53370.95F 0.086 Fr74.7511  0.6005 1.414(-28) 6.895(-07) 2.747(-03) 6.603(-03)
F93 10 100000 II55166.484 0.477 2701.8885 (.2880 4.648(-43) 8.750(-10) 5.103(-04) 2.718(-03)
119210 10 £ 000 FIS5169.558 0.477 2701.8885 0.8641 4.648(-43) 8.750(-10) 5.193(-04) 2.718(-03)
634541000 II58323.892 0.016 610.3412 3.0156 2.193(-10) 3.007(-03) 2.240(-02) 2.026(-02)
321312000 162911700 0.010 173.3658 26.0030 1.473(-03) 6.996(-02) 4.934(-02) 3.093(-02)
854761000 1U68358.517 0.020 1216.1945 2.6178 7.558(-20) 3.877(-05 ) 7.596(-03) 1.143(-02)
744651000 1I72525.850 0.009 888.6326 0.9410 0.912(-15) 4.104(-04) 1.374(-02) 1.570(-02)
762000 IIO0828.8902 0.020 1216.1898 0.8742 7.625(-20) 3.942(-05) 7.737(-03) 1.164(-02)
FEEOOOOL0 205789.303 0.107 1594.7463 3.2974 9.355(- 26) 2.616(-06) 3.964(-03) 8.197(-03)
£22413000 1207638.752 0.012 2754970 12.4015 3.803(-05) 3.467(-02) 4.258(-02) 2.910(-02)
3E2303050 254661760 0.057 U73L.8067 227706 6.760(-28) 9.814(-07) 3.119(-03) 7.239(-03)



Tahle 4—Conlinued

Transition Vp(MHz)  Unc. Eyj(em™) 128 050 KY 10200 K)Y  T(800 K}  T(E500 K)
845752010 1215067.641 0.119 2724.1671  4.6214 2.134(-43) 7.795(-10] 5.238(-04)] 2.795(-03)
964871000 1215801.736 0.050 1500.6907 0.8247 1.086(-25) 2.7E3(-06) 4.025(-03) &.206(-03)
963872000 1219944.374 0.059 1590.6000 2.4750 1.088(-25) 2.721(-06) 4038(-03) 8.324(-03)
735642010 1222823.607 0.103 2399.1654  1.5476 2.555(-38) 8.12L(-09) 9.455(-04) 3.842(-03)
220211000 1228788.840 0.0L1  95.1759 4.3124 2.514(-02) 1.288(-01) 5.988(-02) 3.519(-02)
I3 LE1248000 1271472.972 0.119 2205.6527 0.6222 2.740(-35) 3.379(-08) 1.300(-03) 4.806(-03)
743652000 1278265.923 0.018 888.5087 2.8582 1.031(-14) 4.422(-04) 1.493(-02) 1.709(-02)
§27734000 1296411.040 0015 8423566 2.1147 5.471(-14) 6.242(-04) 1.645(-02) 1.811(-02)
845918000 1307963.287 0.023 1079.0796 0.4935 1.101(-17) 1.145(-04) 1.084(-02) 1.456(-02)
625532000 1322064.783 0.013 508.8121 3.3216 8.956(-09) 6.993(-03) 3.054(-02) 2.542(-02)
074981000 1335279.326 0.128 2009.8051 2.3935 3.206(-32) 1441(-07) 2.073(03) 6.084(-03)
1073982000 1335084.734 0.128 2000.8050 0.7978 3.207(-32) 1.442(-07) 2.074(-03) 6.087(-03)
744817000 1344676.176 0.017 882.8903 0.1315 1.292(-14) 4.810(-04) 1.584(-02) 1.806(-02)
14510 15 2 13 000 1378167.571 0.378 2872.2742  1.0248 1.092(-45) 2.990(-10) 4.530(-04) 2.744(-03)
137714410000 1386269.011 0.257 2880.8342 0.1842 8.046(-46) 2.826(-10) 4.486(-04) 2.737(-03)
3213 L2010 1406675.550 0.091 1772.4134 24.2006 1.672(-28) 8.309(-07) 3.340(-03) 8.039(-03)
523514000 1410617.988 0.012 399.4575 42.9566 4.694(-07) 1.622(-02) 3.956(-02) 3.008(-02)
§224 13000 1421957.576 0.106 1875.4697 11.8469 4.123(-30) 3.995(-07) 2.803(-03) 7.360(-03)
844753010 14281471.994 0.129 2724.0414 1.5781 2.290(-43) 8.953(-10) 6.121(-04) 3.276(-03)
0461010000 1435008.375 0.040 1293.018% 0.1777 5.194(-21) 2.658(-05) 8.062(-03) 1.298(-02)
726633000 1440781.665 0.013 661.5489 0.9729 3.808(-11) 2.506(-03) 2.520(-02) 2.389(-02)
523432010 I473570.467 0.113 2004.8157 4.1321 3.984(-32) 1.623(-07) 2.299(-03) 6.731(-03)
22021 10L0 I494057.486 0.081 1693.6499 3.9989 2.907(-27) 1.540(-06) 4.076(-03) 9.196(-03)
108 4109 1000 U520E30.687 0.249 24712550 0.7896 2.087(-39) 5.839(-09) 1.029(-03) 4.462(-03)
FEE 3 F0 92000 1520245.716 (.248 2471.2550  2.3689 2.087(-39) 5.840(-09) 1.029(-03) 4.462(-03)
633542000 E541967.050 0015 610.1144 1.0079 2.482(-10) 3.838(-03) 2.949(-02) 2.681(-02)
643716000 U574232.067 0.014 7042140 0.2449 8.460(-12) 1.984(-03) 2.540(-02) 2.500(-02)
514010 1502068.265 0.116 2000.8630 42.7077 4.718(-32) L.780(-07) 2.493(-03) 7.287(-03)
§54027000 I506252.461 0.023 1200.9215 0.3118 1.429(- 19) 5.592(-05) 1.051(-02) 1.572(-02)
$13404000 1602200.342 0011 222.0528 6.9404 2.901(-04) 6.461(-02) 6.147(-02) 4.039(-02)
3032E2050 1643019.328 0.108 1677.0614 16.5369 5.453( 27) 1.877(-06) 4.601(-03) 1.026(-02)
58 18010 1646632.434 0.122 2337.6668 0.3481 2.613(-37) 1.622(-08) 1.404(-03) 5.451(-03)
221252000 I66007.762 0.011 794964 8.5508 4.949(-02) 1.856(-0L) 8.221(-02) 4.796(-02)
252101000 1660904752 0.009 237944 15.3477 3.676(-01) 2.782(-01) 9.133(-02) 5.085(-02)
EG 47 11110000 1693469.742 0.071 1524.8479 0.5314 1.314(-24) 5.749(-06) 6.223(-03] 1.222(-02)
432505000 ITEIRS2.052 0.012 3253479  0.1144 7.213(-06) 3.246(-02) 5.443(-02) 3.906(-02)
103212000 I7TEGT60.533 0.0FL  70.4064 17.8475 4.999(-02) L.906(-01) 8.483(-02) 4.952(-02)
533606000 1716956.616 0.013 446.6966 0.0561 9.177(-08) 1.358(-02) 4.383(-02) 3.482(-02)
$13404000 1730350.28F 0.066 1817.4512 7.2464 3.557(-29) 7.158(-07) 3.771(-03 ) 9.470(-03)
§£36743010 1740397.563 0.133 2572.1391 5.9464 5.777(-41) 3.141(-09) 9.710(-04) 4.594(-03)



Tahle 4—Continuad

Transition - vap(MHz)  Une.  Ef(om™) %S I650 KY  T(200 K}  I(800 KY  T(1500 K)
212101010 1753915.445 0.111 1618.5571 14.8282 4.562(-26] 3.014(-06] 5.435(-03) 1.155(-02)
633624000 1762042.660 0.012 602.7735 16.3527 3.372(-10) 4.512(-03) 3101(-02) 3.075-02)
735642000 1766198.743 0.015 757.7802 1.5662 1.278(-12) 1.482(-03) 2.573(-02) 2.656(-02)
[29411 10 1000 1794632.021 0.522 2972.8273  2.3932 3.207(-47) 1.803(-1 ) 4.863(-04) 3.223(-03)
129311102000 1794650.403 0.523 2972.8273 0.7978 3.207(-47) 1.803(-10) 4.863(-04) 3.223(-03)
624615000 1794788.923 0.011  542.9058 14.3411 2.920(-09) 7.043(- 03) 3.845(-02)  3.315(-02)
734725000 1797158.733 0.013  782.4098 60.0582 5.298(-13) 1.259(-03) 2.502(-02] 2.638(-02)
413322010 1849183.592 0.113 1813.7876 2.5494 4.128(-29) 7.718(-07) 4.022(-03) 1.009(-02)
10651138000 1851205.596 0.064 1813.2234 0.3073 4.214(-29) 7.756(-07) 4.031(-03) 1.010(-02)
532523000 1867748.467 0.011 446.5107 35.1483 9.462(-08) 1.455(-02) 4.748(-02) 3.780(-02)
826919000 1879750.121 0.020 920.2100 0.0691 3.774(-15) 4.841(-04) 2.038(-02) 2.415(-02)
634707000 1880752.363 0.015 586.2435 0.1898 6.222(-10) 5.352(-03) 3.717(-02) 3.328(-02)
§45752000 1884887.913 0.017 1059.8354 4.8219 2.488(-17) 1.777(-04) 1.589(-02) 2.118(-02)
331404000 1893686.545 0.014 222.0528 0.0143 3.047(-04) 7.392(-02) 7.203(-02) 4.751(-02)
946853010 1894418.074 0.164 2920.1320 2.2030 2.166(-46) 2.749(-10) 5.627(-04) 3.573(-03)
55862000 1898852.244 0.024 1411.6419 1.5429 7.961(-23) 1.422(-05) 8.501(-03) 1.522(-02)
123913212000 1903497.257 0.161 2042.3741  0.1737 1.117(-32) 1.525(-07) 2.740(-03) 8.331(-03)
123 10 LT 47000 1903643.698 0.101 1899.0082 2.5376 1.940(-30) 4.278(-07) 3.547(-03) 9.560(-03)
523432000 1918485.441 0.012 382.5169 4.5857 9.521(-07) 2.354(-02) 5.464(-02) 4.125(-02)
322313000 1919359.520 0.010 142.2785 4.4203 5.391(-03) 1.326(-01) 8.421(-02) 5.196(-02)
1065972000 1930215.966 0.074 1810.5879  4.4555 4.684(-29) 8.170(-07) 4.213(-03) 1.055(-0 )
734643000 1933474.78% 0.118 2398.3815 5.4505 3.080(-38) 1.192(-08) 1.466(-03) 6.011(-03
1064973000 1945009.917 0.077 1810.5833 1.4864 4.694(-29) 8.219(-07) 4.243(-03) 1.062(-0 )
624615010 1946460.306 0.120 2146.2637 14.8293 2.678(-34) 7.350(-08) 2.322(-03) 7.705(-03)
221212000 1955971738 0.071 1677.0614 8.2606 5.728(-27) 2.157(-06) 5.424(-03) 1.214(-02)
54863000 1969214.416 0.024 141t.6114 4.6568 8.044(-23) 1.464(-05) 8.798(-03) 1.577(-02)
542615000 20[4864.532 0.014 542.9058 0.0334 3.009(-09) 7.716(-03) 4.288(-02) 3.709(-02)
835826000 20£5982.847 0.015 9829117 21.5977 4.026(-16) 3.258(-04) 1.945(-02) 2.433(-02)
1175108 2000 2024457394 0.165 2254.2844  1.4553 5.552(-36) 3.484(-08) 1.984(-03) 7.217(-03)
11741083000 2027255.529 0.164 2254.2837 4.3666 5.554(-36) 3.488(-08) 1.986(-03) 7.226(-03)
431422000 2040476.759 0.011 315.7795  7.4297 1.066(-05) 3.993(-02) 6.529(-02) 4.668(-02)
1148 12t 1L 000 2050980.055 0.124 1774.6163  0.1699 1.734(-28) 1.110(-06) 4.759(-03) 1.158(-02)
413322000 2074432.382 0.012 206.3014 2.8729 5.491(-04) 8.890(-02) 8.074(-02) 5.269(-02)
937844010 2090772.019 0.158 2771.6901 2.1278 4.624(-44) 8.638(-10) 8.064(-04) 4.532(-03)
734725010 2107022.663 0.125 2392.5925 57.1509 3.871(-38) 1.329(-08) 1.606(-03) 6.569(-03)
633624010 2140487.032 0.100 2211.1906 15.0451 2649( 5) 4.959(-08) 2.259(-03) 7.938(-03)
§44753000 2162370.498 0.017 1059.6466 1.6709 2.588(-17) 1.980(-04) 1.809(-02) 2.419(-02)
313202000 2164132.001 0.0}0  70.0908 7.3550 7438(0) 2.447(-01) 1.073(-01) 6.255(-02)
735808000 2177409.704 0.016 744.0637 0.0628 2.205(-12) 1.927(-03) 3.212(-02) 3.296(-02)
1285 1E 92000 2195225490 0.313 2740.4208 4.3644 1.438(-43) 1.121(-09) 8.9%4(-04) 4.887(-03)



Tahle 4—Continuod

Transition vap(MHz)  Une.  Ej(om™') x2S 1650 Ky I(200 K}  T(800 K)Y  T(L500 K
12841193000 2191723.253 0.308 2740.4207 1.4549 1.438(-43] 1.121(-09) 8.916(-04] 88(-03)
330321000 2196345790 0.012 212.1564 11.3059 4.503(-04] 8.904(-02) 8.429(-02) 7(|—0‘ )
1038945010 2217265.507 0.200 2998.7663 5.8441 1.328(-17) 1.764(-10) 5.663(-04) .3 808(!-03)
514505000 2221750.406 0.012 3253479 19.4139 7.696(-06) 3.978(-02) 6.951(-02) 5.022(-02)
322313010 2227574.164 0.053 1739.4837 4.3281 6.244(-28) 1.522(-06) 5.477(-03] 1.297(-02)
CJLE32020T0 2234026.771 0.095 1664.9646 7.0483 9.116(-27) 2.607(-06) 6.280(-03) 1.397(-02)
836743000 2244811.054 0.017 931.2371  5.7304 2.644(-15) 5.130(-04) 2.360(-02) 2.837(-02)
835826010 2247746.017 0.145 2595.8129 21.5405 2.624(-41) 3.235(-09) 1.184(-03) 5.754(-03)
$23414000 2264140.558 0.011 9224.8384 159562 2.871(-04) 8.316(-02] 8.477(-02) 5.632(-02)
532523010 2204179.491 0.089 2053.9687 32.0786 7.677(-33) 1.620(-07) 3.198(-03) 9.868(-03)
845918010 2206935416 0.143 26880700 04914 9.538(-43) 1.693(-00) 1.023(-03) 5.378(-03)
53826000 2300455.716 0.016 982.9117 0.0410 4.140(-16) 3.603(-04) 2.20L(-02) 2.764(-02)

Q 45936000 2317882.104 0.019 1282.9191 71.7068 8.53L(-21) 4.186(-05) 1.292(-02) 2.088(-02)
404313000 2337406.476 0.090 1739.4837 9.0340 6.301(-28) 1.578(-06) 5.729(-03) 1.358(-02)
5716000 2344250.362 0.013  704.2840 40.4877 9.379(-12) 2.713(-03) 3.697(-02) 3.677(-02)
10461037000 2347482.039 0.034 1538.1495 27.4357 8.808(-25) 6.737(-06) 8.261(-03) 1.655(-02)
11391046000 2356835.957 0.068 1616.4530 1.1816 5.272(-26) 3.847(-06) 7.203(-03) 1.541(-02)
331322000 2365899.585 0.012 206.3014 3.5691 5.637(-04) 9.820(-02) 9.130(-02) 5.982(-02)
12761349000 2368560.214 0.188 2533.7932 0.2686 2.466(-40) 5.256(-09) 1.390(-03) 6.423(-03)
945854010 2372350.855 0.165 2010.6320 7.0506 2.316(-46) 3.279(-10) 6.955(-04) 4.443(-03)
744817010 2372974305 0.136 2400.3540 0.1207 1.I177(-39) 7.194(-09) 1.505(-03) 6.708(-03)
404313000 2391572560 0.011 142.2785 9.6574 5.650(-03) 1.569(-01) 1.035(-01) 6.427(-02)
514505010 2401232.209 0.091 1920.7665 20.2743 9.323(-31) 4.369(-07) 4.240(-03) 1.172(-02)
9461019010 2403645.199 0.170 2903.1460 0.1882 4.201(-46) 3.728(-10) 7.252(-04) 4.571(-03)
036927000 2428247.324 0.022 1201.9215 63.7149 1.584(-19) 7.760(-05) 1.561(-02) 2.360(-02)
844835000 2446843.367 0.015 1050.1577 19.1211 3.726(-17) 2.325(-04) 2.065(-02) 2.750(-02)
£32423000 2462032.987 0.010 300.3623 19.0025 1.926(-05) 5.142(-02) 8.003(-02) 5.681(-02)
124913 112000 2477500.147 0.197 2042.3106 0.4816 1.183(-32) 1.865(-07) 3.508(-03) 1.075(-02)
571600 2484150505 0.128 2309.7302 42.7282 7.866(-37) 2.729(-08) 2.174(-03) 8.336(-03)

$3 1422010 2488754367 0.087 19229011 6.8665 8.685(-31) 4.417(-07) 4.366(-03) 1.210(-02)
8269190L0 2501384.400 0.160 2512.3757 0.0876 5.378(-40) 6.383(-09) 1.520(-03) 6.909(-03)
4325050L0 2519730.008 0.097 1920.7665 0.1086 9.396(-31) 4.526(-07) 4.434(-03) 1.227(-02)
037844000 253E0L7.7L4 0021 11317756 1.9010 1.989(-18) 1.325(-04) 1.841(-02) 2.628(-02)
533606010 2537050.750 0.108 2045.7805 0.0574 1.211(-32) 1.905(-07) 3.589(-03) 1.100(-02)
624533010 2541727.556 0.116 2126.4077 2.6323 5.769(-34) 1.037(-07) 3.088(-03) 1.016(-02)
046853000 2547436.478 0.023 12559115  2.2607 2.290(-20) 5.450(-05) 1.481(-02) 2.347(-02)
7346432000 2567E77.098 0.0L4 7567248  5.9475 1.440(-12) 1.988(-03) 3.660(-02) 3.816(-02)
10471138000 257E762.5L7 0.067 1813.2234 8$6.2552 4.511(-20) 9.958(-07) 5.483(-03) 1.387(-02)
F03 89045000 2575004418 0.038 1360.2353 4.7652 5.380(-22) 2.593(-05) 1.240(-02) 2.145(-02)
836909000 2576644.138 0.020 920.1683 0.1768 4.030(-15) 6.151(-04) 2.737(-02) 3.274(-02)



Tahle 4—Continuod

Transition

Vap(MHz)

Unc.  Ey(can™!)

12

150 K}

10200 K

10800 K

T(£500 K)

936927010
423414010
133 10 14 2 13 000
056963000
92 10110000
3524000
4'114303000
1166 1073000
330321010
441514000
643716010
743734000
524515000
414303010
1165107 4000
331404010
1276 1F8 3000
27 51L& 4000
634707010
221110000
514423010
9641037000
105596 4000
331322010
945936010
£257 1248000
13 58 13 4 9000
634625000
615606000
642633000
432423010
13 4 10 14 1 13 000
624533000
2201 1I1%000
514423000
505414010
L2 481239000
LI56 L 47000
826817000
L0 3 7 10 2 8 000

2586380.182
2590791.891
2602481.851
2618261.548
2619333.979
2630959.374
2640473.971
2645039.630
2646587.083
2657665.340
2657699.387
2664570.784
2685638.921
2689141.309
2689170.032
2698138.154
2714161.593
2723413.666
2730190.159
2773976.526
2783473884
2790947.707
280 1R57.636
2807970.466
2§20025.179
9848995.792
2864256164
2880025.294
2884278 885
2884041.040
2001971683
2047342.726
2062111, 192
2968748.520
2970800.440
2973033.566
2091473560
2997538.796
2998565.616
3003347.597

0.173
0.063
0.244
0.039
0.044
0.011
0.011
0.095
0.062
0.016
0.129
0.013
0.011
0.090
0.117
0.098
0.206
0.224
0.114
0.008
0.116
0.037
0.042
0.042
0.168
0.089
0.161
0.013
0.012
0.011
0.052
0.276
0.013
0.008
0.012
0.081
0.112
0.062
0.016
0.040

2818.3980
1821.5968
2327.9140
1631.3830
1114.5499
416.2087
136.7617
2054.3687
1819.3351
399.4575
2309.7302
842.3566
326.6255
1731.8967
2054.3452
1817.4512
2522.2651
2522.2613
21:80.6429
42.3717
1908.0163
1538.1495
1631.2455
1813.7876
2904.6704
2205.6527
2533.7932
952.9114
446.6966
661.5489
1908.0163
2327.8837
503.9681;
37.1371
300.3623
1821.5968
2105.8679
1899.0082
882.8903
1437.9686

66.2964
15.8430
0.4726
6.8434
0.1742
8.4864
30.7215
2.2430
10.6126
0.0201
0.2041
43.3807
5.7894
29.2361
6.7504
0.0124
6.6791
2.2272
0.2054
15.3993
14.8199
0.0417
2.3229
3.3920
65.4558
31.0801
103.587
30.1032
6.2551
10.5528
18.1610
0.1516
3.0060
4.2551
16.8476
37.71312
28.1269
78.8121
12.749%
20.0636

8.950(-45)
3.342(-29)
4.119(-37)
3.134(-26)
3.714(-18)
3.0L5(-07)
6.997(-03)
7.744(-33)
3.636(-29)
5.515(-07)
7.945(-37)
6.652(-14)
7.585(-06)
8.462(-28)
7.768(-33)
3.901(-29)
3.812(-40)
3.815(-40)
8.283(-35)
2.100(-01)
1.507(-30)
9.040(-25
3.177(-2
4.473(-
4.069

3.387(

2.535

2.232(-09)

)
6)
9)
(-46)
(-35)
(-40)

(-0
1.019(-07)

(-1

(-

(-

2
2
3
4
0

4.485(-11)
1.514(-30)
4.188(-37)
1.302(-08)
2.555(-01)
1.974(-05)
3.399(-29)
1.233(-33)
2.101(-30)
1.570(-14)
3.347(-23)

7.235( 10}
9.426(-07)
2.476(-08)
3.732(-06)
1.537(-04)
2.344(-02)
1.755(-01)
1.793(-07)
9.728(-07)
2.664(-02)
2.865(-08)
1.103(-03)
4.532(-02)
1.846(-06)
1.814(-07)
9.997(-07)
6.305(-09)
6.320(-09
7.393(-08)
3.584(-01)
5.327(-07)
7.637(-06)
3.919(-06)
1.056(-06)
4.137(-10)
6.363(-08)
6.026(-09)
9.346(-03)
2.009(-02]
4.283(-03)
5.484(-07)
2.704(-08)
1.355(-02)
3.901(-01)
5.874(-02)
1.038(-06)
1.349(-07)
5.983(-07)
8.948(-04)
1.652(-05)

9.039(-04)
5.437(-03)
2.197(-03)
7.730(-03)
1.959(-02)
6.907(-02)
1.146(-01)
3.647(-03)
5.568(-03)
7.185(-02)
2.314(-03)
3.247(-02)
8.270(-02)
6.613(-03)
3.703(-03)
5.687(-03)
1.610(-03)
1.615(-03)
2.992(-03)
1.421(-01)
4.973(-03)
9.696(-03)
8.230(-03)
5.939(-03)
8.384(-04)
2.974(-03)
1.657(-03)
5.870(-02)
7.115(-02)
4.836(-02)
5.167(-03)
2.463(-03)
6.577(-02)
1.526(-01})
9.511(-02)
6.171(-03)
3.722(-03)
5.409(-
3.364(-

(-

1.242

0
0
03
0
02

)
2)
)

5.319(-03)
1.386(-02)
8.566(-03)
L.681(-02)
2.760(-02)
5.416(-02)
7.105(-02)
1.131(-02)
1 418(-02)

5.557(-02)
8.894( 03)
3.643(-02)
6.019(-02)
1.566(-02)
1.149(-02)
1.447(-02)
7.401(-03)
7.425(-03)
1.033(-02)
8.155(-02)
1.367(-02)
1.954(-02)
1.793(-02)
1.508(-02)
5.321(-03)
1.050(-02)
7.706(-03)
5.180(-02)
5.743(-02)
4.675(-02)
1.422(-02)
9.649(-03)
5.576(-02)
8.744(-02)
6.798(-02)
1.581(-02)
1.211(-02)
1.479(-02)
3.922(-02)
2.307(-02)



Tahle 4—Continucd

Transition va(MHz)  Unc. Eylem™') 28 1650 K} T200 K} 1800 Kj  T(L500 K)
I5 4121459000 3011981.501 0.433 2983.3963 13618 2.414(-47) 2.457(-10) 7.727(-04) 5.253(-03)
505414000 3013199.593 0.011  224.8384 39.9373 2.991(-04) 1.02L(-0LF) L1.104(-01) 7.408(-02)
§44835010 3024920.020 0.127 2670.7896 17.2661 1.847(-42) 2.335(-09] L.36L(-03) 7.LE8(-03)
§514927010 3034945.506 0.169 2818.3980  0.2240 9.134(-45) 8.094(-10) 1.047(-03] 6.198(-03)
§35744010 3036348.078 0.139 2569.5080 2.8420 7.059(-41) 4.852(-00] 1.639(-03) T7.873(-03)
524515010 3037605.104 0.085 1922.8200 5.8178 8.931(-31) 5.087(-07) 5.245(-03) 1.464(-02)
541532000 3043766.185 0.012 508.8121 21.4768 1.097(-08) 1.333(-02) 6.684(-02) 5.696(-02)
93710010000 3048859.624 0.045 1114.5322 0.0542 3.784(-18) 1.710(-04) 2.252(-02) 3.191(-02)
221110010 3051880.708 0.113 1640.5059 14.8797 2.298(-26) 3.890(-06) 8.753(-03) 1.929(-02)
533524010 3065530.020 0.074 2024.1526 8.1968 2.336(-32) 2.469(-07) 4.408(-03) L.340(-02)
35808010 3072608.565 0.119 2337.4633 0.0707 2.979(-37) 2.596(-08) 2.514(-03) 9.947(-03)

14 5 9H-P-b110 000 3074733.516 0.275 2880.8342 35.7516 9.679(-46) 5.211(-10) 9.469(-04) 5.911(-03)
1047954000 3118999.242 0.039 1477.2974 8.2985 8.163(-24) 1.277(-05) 1.197(-02) 2.303(-02)
44043110‘0.0 3126585214 0.015 3838425 3.7966 9.850(-07) 3.336(-02) 8.575(-02) 6.587(-02)
615606010 3132326961 0.I15 20417805 6.4769 1.241(-32) 2.207(-07) 4.355(-03) 1.345(-02)
515404000 3135010.980 0.011 222.0528 13.5189 3.319(-04) 1.070(-01) 1.150(- 01*) 7.713(-02)
945854000 3149876.967 0.019 1255.1667 7.5432 2.412(-20) 6.354(-05) 1.801(-02) 2.876(-02)
515404010 31501488E8 0007 18174512 12.8548 3.969(-20) 1.115(-06) 6.570(-03) 1.682(-02)
-IJZGl 010 3160759.885 0.128 2146.2637  0.0263 2.898(-34) 1.047(-07) 3.639(-03) 1.228(-02)
826817010 3161576.457 0.147 2490.3540 13.4260 1.221(-39) 8.811(-09) 1.960(-03) 8.827(-03)
441432000 3165532.793 0.015 3825169 11.3298 1.034(-06) 3.396(-02) 8.693(-02) 6.674(-02)
625616000 3E67578.134 0.011  447.2524 18.0370 1.008(-07) 2.132(-02) 7.742(-02) 6.276(-02)
5492533000 3182186.801 0.012 503.968% 7.0043 1.311(-08) L422(-02) 7.021(-02) 5.970(-02)
652725000 3183463.504 0.016 782.4008 0.0344 5.860(-13) 1.910(-03) 4.257(-02) 4.572(-02)
735726000 3200358118 0.014 700.6082 11.0338 8.044(-12) 3.259(-03) 4.889(-02) 4.942(-02)
643634000 3230146418 0.012 648.9787 29.6233 7.126(-11) 5.061(-03) 5.483(-02) 5.269(-02)
143 11 15 2 14 600 3242105.141 0.345 2631.2835 0.1468 7.696(-42) 3.251(-09) 1.556(-03) 7.897(-03)
105510 46000 3245323.304 0.039 1616.4530 21.4177 5.489(-2 ) 4.819(-06) 9.665(-03) 2.092(-02)
990 T ET0I0 3253324.801 0.127 1634.967F 4.2116 2.821(-26) 4.224(-06) 9.369(-03) 2.060(-02)
74’3.73.410'110. 3275649105  0.095 2462.8752 39.6415 3.292(-3 ) 1.099(-08) 2.127(-03) 9.372(-03)
1571064000 3307403.060 0.072 18754618 3.0218 4.944(-30) 7.570(-07) 6.171(-03) 1.662(-02)
63462 010 3310404.176 0.094 2161.2860 20.4571 1.695(-34) 9.601(-08) 3.693(-03) 1.264(-02)
10 2§ FE § L 000 3323228.600 0.086 1327.1176 0.0514 1.821(-21) 3.923(-05) 1.661(-02) 2.824(-02)
744735000 3329185.202 0.013 816.6942 12.3673 1.713(-13) 1.545(-03) 4.168(-02) 4.616(-02)
322211000 3331458390 0.012 951750 5.6980 3.200(-02) 2.775(-01) 1.527(-01) 9.229(-02)
1267 EE7 4000 3354509793 0.E37 23210057 0.176F 5.252(-37) 3.078(-08) 2.800(-03) 1.097(-02)
92750 F 10010 3395402766 0.104 27051306 0.2152 5.420(-43) 1.969(-09) 1.421(-03) 7.686(-03)
13771284000 3404037.769 0.270 2813.5287 3.0796 1.099(-44) 9.045(-10) 1.172(-03) 6.944(-03)
13761285000 3430497.381 0.328 28135122  9.2526 1.100(-44) 9.002(-10) 1.180(-03) 6.995(-03)
441015 1 04 000 3440256.583 0.384 26312689  0.4321 7.734(-42) 3.379(-09) 1.642(-03) 8.354(-03)



Tahle 4—Continued

Transition

Vap(MHz)

Unc. By}

12 S

10200 K

10800 K)

T0E500 K

12661175000
LE7 5 12 4 8 000
642633010
845836000
I4 4 11 £3 5 8 000
954945000
836909010
716707000
1468 1459000
1481055000
625616010
606555010
IOX& L0 1L 000
I3 49 13 3 10 000
606515000
32221100
836827000
725634010
541532010
35726010
616) 5 000
6165050L0
6&05240110
835744000
‘11113'8.]111290.0'0.
2791 &000
(26 1 7 000
440431010
1156 10 6 5 000
853844000
946937000
441432050
542533010
LY 4 10 12 5 7 000
1249 1156 000
643634000
615524000
4233L2000
1367 1358000
15 3 12 16 2 L5 000

3468263.974
3482398.878
3494856.587
3495358.205
3498248.829
3509431.283
3534844.077
3536666.711
3538892.918
3547271.514
3553520.985
3566075.414
3568(76.852
3569620.105
3599641.679
3601635.514
3612970.788
3623900.400
3638527.781
3639916.806
3654603.510
3657072.544
3660797.270
3669872.287
3674227170
3682708.059
3691315.397
3708481.568
3718095.717
J721502.738
3737021.502
3740915.716
3756027.136
3762739.966
3776068.455
3797448.282
J798281.643
3807258.625
3809788.310
3830892.705

0.172
0.144
0.085
0.016
0.281
0.020
0.146
0.014
0.332
0.074
0.106
0.075
0.086
0.156
0.010
0.097
0.016
0.125
0.065
0.114
0.011
0.089
0.121
0.016
0.064
0.024
0.013
0.049
0.075
0.015
0.022
0.0569
0.061
0.182
0.118
0.074
0.012
0.013
0.222
0.570

2321.8131
2205.6527
2282.5896
1006.1159
2629.3345
1360.2353
2512.2828

586.2435
2983.3963
1724.7054
2042.7533
1922.8290
1327.1100
2414.7234

326.6255
1693.6499

885.6002
2271.7122
2130.4943
2318.5399

325.3479
1920.7665
2024.1526

927.7439
1690.6644
1079.0796

586.4792
2005.9170
1874.9730
1131.7756
1216.2312
2004.8157
2126.4077
2300.6850
1998.9953
2271.7122

416.2087

173.3658
2629.3345
2952.3938

3.0860
0.0386
9.8130
43.1577
5.4299
51.8201
0.2040
18.5700
32.9237
2.9745
18.2870
16.0025
0.1497
80.0370
16.8349
5.5060
34.8092
13.3818
20.1899
10.9426
50.7123
48.3241
8.0879
3.2017
57.1298
37.0826
6.1064
3.5876
9.5087
13.7798
15.8717
10.7218
6.6282
2.3461
8.4162
28.1137
9.1300
20.2156
84.1528
0.4183

5.282(-37)
3.448(-35)
2.166(-36)
1.889(-16)
8.300(-42)
5.553(-22)
5.596(-40)
6.850(-10)
2.446(-47)
1.125(-27)
1.210(-32)
9.043(-31)
1.830(-21)
1.871(-38)
7.794(-06)
3.441(-27)
1.445(-14)
3.211(-36)
5.161(-34)
5.960(-37)
8.168(-06)
9.754(-31)
2.367(-32)
3.176(-15)
3.836(-27)
1.373(-17)
6.809(-10)
4.564(-32)
5.069(-30)
2.065(-18)
9.900(-20)
4.750(-32)
5.989(-34)
1.135(-3
5.859(-3
3.219(-3
3.116(-
1.937(-
8.340(-4
7.491(-4

4)
6)
2)
6)
07)
03)
2)
7)

3.147(-08)
7.277(-08)
4.194(-08)
4.081(-04)
3.464(-09)
3.202(-05)
8.003(-09)
8.430(-03)
2.732(-10)
2.343(-06)
2.380(-07)
5.652(-07)
4.107(-05)
1.643(-08)
5.518(-02)
2.957(-06)
9.917(-04)
4.640(-08)
£.285(-07)
3.322(-08)
5.622(-02)
5.828(-07)
2.772(-07)
7.395(-04)
3.060(-06)
2.495(-04)
8.645(-03)
3.186(-07)
8.185(-07)
1.719(-04)
9.387(-05)
3.229(-07)

7)

)

1.350(-0
3.856(-08
3.386(-07)
4.777(-08)
2.995(-02)
1.721(-01)
3.653(-09)
3.588(-10)

2.886(-03)
3.569(-03)
3.118(-03)
3.097(-02)
1.673(-03)
1.644(-02)
2.084(-03)
6.661(-02)
8.941(-04)
8.619(-03)
4.872(-03)
6.064(-03)
1.771(-02)
2.506(-03)
1.079(-01)
9.239(-03)
3.963(-02)
3.285(-03)
4.250(-03)
3.032(-03)
1.097(-01)
6.226(-03)
5.174(-03)
3.725(-02)
9.456(-03)
2.847(-02)
6.918(-02)
5.409(-03)
6.861(-03)
2.614(-02)
2.254(-02)
5.462(-03)
4.405(-03)
3.225(-03)
5.565(-03)
3.425(-03)
9.639(-02)
1.495(-01)
1.805(-03)
1.015(-03)

0
0

L.133(-02)
L.271(-02)
1.185(-02)
4.031(-02)
8.502(-03)
2.881(-02)
9.607(-03)
6.097(-02)
6.121(-03)
2.052(-02)
1.515(-02)
1.705(-02)
3.021(-02)
1.065(-02)
7.953(-02)
2.144(-02)
4.668(-02)
1.239(-0

1.424(-02
1.189(-0

8.077(-02
1.750(-02
1.586(-02
4.550(-0

2.191(-02
3.948(-02
6.347(-02
1.634(-02
1.857(-02
3.791(-02
3.510(-02
1.649(-02
1.473(-02
1.248(-02
1.673(-0

1.295(-02
7.677(-02)
9.712(-02)
9.215(-03)
6.794(-03)

2)
)
2)
)
)
)
2)
)
)
)
)
)
)
)
)
)
)
2)
)



Tabla 4—Continued

Transition vopo(MHz)  Unc.  Eyfem™!)  p%S8 I(50 K)  I(200 K} I(800K) I(1500 K)
753826010 3844194.052 0.149 25958129 0.0280 2.786(-41) 4.675(-09) 1.933(-03] 9.596(-03)
752743000 3855281.345 0.014 031.2371 31.6994 2.808(-15) 7.434(-04) 3.868(-02) 4.750(-02)
863936000 3858098.971 0.022 1282.9191 0.0412 9.006(-21) 5.924(-05) 2.056(-02) 3.392(-02)
441514010 3859413.515 0.129 2000.8630 0.0142 5.484(-32) 3.386(-07) 5.656(-03) 1.704(-02)
716707010 3869930.054 0.122 2180.6420 10.1236 8.526(-35) 9.304(-08) 4.103(-03) 1.438(-02)
744735010 3883916.360 0.000 2439.9544 118138 7.585(-39) L.444(-08) 2.582(-03) 1.125(-02)
9279180L0 3906841.074 0.166 2688.0799 38.6372 1.009(-42) 2.431(-09) 1.661(-03) 8.918(-03)
651642000 3022858.086 0.014 7577802 7.3413 1.440(-12) 2.616(-03) 5.367(-02) 5.702(-02)
258 L6 5000 3937072.760 0.127 2144.0463 11.0204 3.182(-34) 1.223(-07) 4.450(-03) 1.514(-02)
I5 412 16 F E5 000 3941628.787 0.619 2952.3866  0.1381 7.503(-47) 3.650(-10) 1.041(-03) 6.979(-03)
550541000 3949319.439 0.017 610.3412 117074 2.805(-10) 7.588(-03) 7.038(-02) 6.610(-02)
652643000 3953481.889 0.015 7567248 21.9621 1.496(-12) 2.649(-03) 5.414(-02) 5.750(-02)
753744000 3954345.156 0.013 027.7439 10.4622 3.187(-15) T.741(-04) 3.981(-02) 4.881(-02)
551542000 3956019.087 0.016 610.1144 3.9005 2.919(-10) 7.608(-03) 7.052(-02) 6.622(-02)
854845000 3970997.233 0.015 11227085 40.1678 2.870(-18) 1.909(-04) 2.814(-02) 4.064(-02)
3212152000 3977046.138 0.011  79.4964 9.4637. 5.681(-02) 3.471(-01) 1.840(-01) 1.107(-0%)
FE29 12 F 12000 3981742.623 0.133 1557.8478  0.1407 4.574(-25) 8.355(-06) 1.200(-02) 2.684(-02)




Table 5. The Rotational Partition Function of Water Vapor

Temperature Qrs Correction

9.375 1.2572 1.00000000
18.750 3.0332 1.00000000
37.500 8.5802 1.00000000
50.000 12.9613 1.00000000
75.000 23.1702  1.00000000

100.000 35.1523  1.00000000
150.000 63.6774 1.00000000
200.000 97.4129 1.00000000
225.000 116.0195 1.00000000
300.000  178.1163 1.00000031
400.000  274.5588 1.00001526
500.000  386.2616 1.00016408
800.000 818.9779 1.00640974
1000.000 1193.9312 1.02295710
1500.000 2429.2597 1.14104678




Figure 1. A schematio outline of the LT.G-GaAs TIlz phbtomixoer speotrometor. In this thireo laser syatem,
lasers #1 and 2 are locked to different longitudinal modes of a single ultralow thormal expansion enolioionr
reference cavity, and laser #3 is phase locked to laser #2 with a tunable microwave soureo. Lasers #1 and

3 are used to form the tunable THz haat note.

Figure 2. Predicted LTE spectra of water vapor from 0.5 - 4 THz for rotational temperatures of 50, 200,
800, and 1500 K. The column density is the same for all four plats. While the intensity: is arbitrary the

scaling facton is the same for all four plots, and so the relative intensities are meaningful.
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